We examine the expansion properties of the Nickel (Ni) bubble in Type Ia supernovae (SNe Ia) due to the radioactive heating from the 56 Ni → 56 Co → 56 Fe decay sequence, under adiabatic, spherically symmetric approximation. We consider an exponentially-declining medium for the ejecta substrate, allowing for the density gradient as expected in a Type Ia supernova (SN Ia). The heating gives rise to an inflated Ni bubble, which induces a forward shock that compresses the outer ambient gas into a shell. As the heating saturates, the flow tends toward a freely-expanding state with the structure frozen into the ejecta. The thickness of the shell takes up 0.5% of the radius of the bubble, and the density contrast across the shell reaches χ 100 in a narrow region limited by numerical resolution. The structure of the shell can be approximately described by a selfsimilar solution determined by its expansion rate and ambient density gradient. Compared to the case using a uniform-density medium, the density contrast of the inferred ejecta clumps (shell components) is enhanced, while the interaction of the clumps with the remnant is deferred to a more advanced stage. The properties of the clump created under various explosion conditions are examined and compared with those of the ejecta knots present at the edges of Tycho's remnant. The deflagration model W7 and the delayed detonation model DD200c yield a sufficient ejection strength for the clump-remnant interaction, whereas Chandrasekhar-mass, low-energy models as well as the luminous helium detonation scenario are not favorable. The speed of the clump can be enhanced in the case of an initially low density contrast of 56 Ni, but the resultant clump strength to resist crushing is weaker. In all cases, the major reverse shock impact of the clump is expected to take place within 2000 yrs after the supernova.
INTRODUCTION
Observations of SN 1987A showed that the distribution of Fe in the ejecta is not what would be expected in the simplest models; it extended to higher velocities than expected and had a large filling factor for its mass of 0.07 M ⊙ determined from the supernova light curve (McCray 1993; Li et al. 1993) . A plausible mechanism for the large filling factor is the Ni bubble effect, in which the radioactive progenitors of the Fe expand relative to their surroundings because of the radioactive power deposition (Woosley 1988; Li et al. 1993; Basko 1994 ). This effect is important during the first ∼ 10 days after the supernova, when the radioactive power is significant and the diffusion of energy has not yet become an important process.
An expected effect of the Ni bubble expansion is to create clumps in the nonradioactive gas of intermediate elements. There is widespread evidence that the ejecta of core collapse supernovae are clumpy. The oxygen line profiles in the nearby Type II supernovae SN 1987A (Stathakis et al. 1991) and SN 1993J (Spyromilio 1994; Matheson et al. 2000) showed evidence of structure, implying that the gas is clumped. The velocity range for the emission extends to 1, 500 km s −1 in SN 1987A and 4, 000 km s −1 in SN 1993J. Similar evidence for clumping have been found in the prototypes of the oxygen-rich supernova remnants (SNRs) Cas A Hwang et al. 2000) and Puppis A (Winkler et al. 1988) , and in the Type Ib SN 1985F (Filippenko & Sargent 1989) . As for Type Ia SNe, observations of SN1006 suggested that its Si freely expands with a minimum velocity in the range of 5,600 -7,000 km s −1 , while its initial 56 Ni is estimated in in the range of 0.075 − 0.16 M ⊙ (Hamilton et al. 1997) . Moreover, in Tycho's supernova (SN 1572), X-ray observations have revealed two knots, one enriched in Si and the other in Fe, protruding nondeceleratingly from the SE edge of the remnant at a velocity of 8, 300(D/2.5 kpc) km s −1 , where D is the distance (Vancura et al. 1995; Hwang & Gotthelf 1997; Hughes 1997) . X-ray spectra of Tycho's remnant as well as the SNR N103B further suggested that the Fe line emitting gas is in general at a higher temperature and lower density than than the Si line emitting gas (Hwang et al. 1998; Lewis et al. 2003) . This is also expected as a result of the Ni bubble effect. Wang & 2002, hereafter WC01 and WC02) have investigated the role of ejecta clumps in the evolution of supernova remnants. For Tycho's remnant, we found that the knots near the outer shock front require a free expansion velocity v ∼ 7, 000 km s −1 and a density contrast χ 100 relative to the surrounding ejecta, in order to survive the crushing in the remnant as distinct features in the present age (WC01). The remarkable protrusions (Aschenbach et al. 1995) and the ring structure of the apparent SNR RX J 0852.0-4622 (for the exclusion of a possible 44 Ti source see Aharonian et al. 2005) in the Vela SNR are also likely to be caused by ejecta clumps, and we estimated that χ ∼ 1000 and v ∼ 3, 000 is needed to create the structure (WC02). In our previous work (Wang, 2005 , hereafter W05), we further investigated the 56 Ni radioactive heating process as a plausible mechanism for forming such ejecta clumps, taking into account the effect of radiative diffusion. In the case of SNe Ia, the created clump properties appear compatible with that indicated for Tycho's knots. This result contrasts with the case of core-collapse SNe as with Vela's bullets, for which the required compression factor is much higher than anticipated in the simplest Ni bubble scenario.
There may be evidence in Tycho's remnant that clumping exists surrounding one large Ni bubble. Reynoso et al. (1997) and Velazquez et al. (1998) have noted a widespread, regularly-spaced radio feature immediately below the NW edge of Tycho's blast wave. The large radius of the emissions indicates that it is contributed by a spherical shell of clumpy ejecta expanding into the intershock region of the remnant (WC01). In fact, compared to several of the Galactic Type II SNRs which show quite complex abundance structures (e.g., Cas A, Hughes et al. 2000 , Hwang, et al 2000 and G292.0+1.8, Park et al. 2002) , both observations (e.g., Tycho, Decourchelle et al. 2001; and N103B, Lewis et al. 2003 ) and modelings of X-ray emissions (Badenes et al. 2003 (Badenes et al. , 2005 of Type Ia SNRs have suggested a more simple, stratified ejecta composition than a well-mixed one. The simple composition in Type Ia SNRs seems to be a natural consequence of the absence of neutrino-driven convection (Kifonidis et al. 2000) and pulsar winds (Blondin et al. 2001 ); these two mechanisms are capable of mixing elements and enhancing compression and may have influenced the Ni bubble's evolution in core-collapse SNe. Dwarkadas & Chevalier (1998, hereafter DC98) have reviewed the ejecta density structure created by 1-D explosion models of SNe Ia ; they found that the best approximation is an exponentially -declining profile, which effectively evolves from a steep power law profile to a flatter one. Nonetheless, W05 has assumed a uniform density distribution (comparable to the inner flat component of a n = 8 power-law ejecta density model with the density ρ ∝ r −n in the outer parts), and so the results may not be appropriate. Furthermore, in W05's case of SNe Ia, the expansion rate of the Ni bubble is barely larger than the free expansion. This indicates that the solutions for SNe Ia are more susceptible to the ejecta substrate structure. However, it is not clear how the exponential density decline would affect them.
The aim of this paper is to determine the expansion properties of the Ni bubble shell in SNe Ia using a more realistic ejecta structure. We examine in a simple adiabatic and spherically symmetric scenario how the expected density gradient and variation in the explosion parameters would affect the results on ejecta clumps. The explosion parameters adopted in our calculations are similar to those described by the 1-D explosion models of Hoflich & Khokhlov (1996, hereafter HK96) and Hoflich et al (1998, hereafter HWK98) . We note that the treatment of radiative transport due to the 56 Ni radioactive heating has not been incorporated in the hydrodynamical phase of the explosion models; such a proper treatment is particularly difficult for numerical convergence in the case of SNe Ia, and we leave it to future work. We illustrate our computational setup and methods in § 2. The evolutionary properties of the Ni bubble shell are given in § 3. In § 4, we draw on the self-similar solution for a pulsar bubble to provide insight into the shell structure. In § 5, we compare the inferred ejecta clump properties in various exponential models. Our conclusions are in § 6.
DENSITY STRUCTURE IN TYPE Ia SUPERNOVAE
It is widely accepted that SNe Ia are thermonuclear explosions of carbon-oxygen (C-O) white dwarfs (WDs). Soon after the explosion, the ejecta freely expands so that each gas element moves with a constant velocity v = r/t and its density drops to t −3 , as in a spherical expansion. In this phase, DC98 showed that the density distribution of valid SN Ia explosion models can be generally described by an exponential profile written as
where A is a constant and v e is another constant called the velocity scale height, determined by the total ejecta mass M and explosion energy E. Integrating the density and kinetic energy density over space gives M = 8πAv 3 e and E = 48πAv 5 e , or
where M 1.4 is the explosion mass in terms of the Chandrasekhar mass 1.4M ⊙ and E 51 is the explosion energy in units of 10 51 ergs. Compared to the power-law model ρ ∝ v −n t −3 (Chevalier & Liang, 1989 ), the exponential model has an approximate power index n = −dlnρ/dlnr = v/v e = r/v e t. Thus, a larger velocity scale height v e (which increases with the ratio of E/M) leads to less steep density distribution at a given flow velocity, and the density gradient steepens outward with the radius and flattens over time.
The creation of an exponential profile for SNe Ia is probably related to the fact that energy is steadily released behind a burning front, as opposed to pure shock acceleration by a central explosion as in a core-collapse SN. Three progenitor scenarios have been proposed to distinguish Type Ia explosions (HK96; HWK98; Hoflich et al. 2003) : (1) An explosion of a C-O WD, with mass close to the Chandrasekhar mass, having accreted mass through Roche-lobe overflow from an evolved companion star. The explosion is mainly triggered by compressional heating near the WD center. This scenario is the currently most favored, including the models of deflagration (W7, Nomoto et al. 1984) , delayed detonation (DD), and pulsating delayed detonation (PDD), in which the flame starts off as a deflagration but may subsequently turn into a detonation. In particular, DD models have been found to reproduce the optical and infrared light curves and spectra of typical SNe Ia reasonably well. (2) An explosion of a rotating configuration, i.e., a low density WD surrounded by an extended C-O envelope (the DET2env models), resulting from the merging of two low-mass WDs, caused by the loss of angular momentum due to gravitatonal radiation from the binary system. The combined mass of the system may exceed the Chandrasekhar limit, but neither WD is above the limit. (3) A double detonation explosion of a sub-Chandrasekhar mass C-O WD, triggered by the detonation of a helium layer accreted from a close companion (the HeD series). The explosion starts off with the detonation of the outer helium, which then causes the detonation of the inner C-O core. As one can see in Fig. 1 of DC98 , both the deflagration model W7 and the DD model DD200c give rise to a perfect exponential decline in the density distribution. The structures created in the PDD and HeD models (PDD3 and PDD1c; HeD10 and HeD6) also follow more of an exponential than a power-law decline, despite they appear to have a flatter gradient in the center. These two classes of models may have a low explosion energy of E < 10 51 ergs, and DC98 commented that the density flattening may actually have been exaggerated by inadequate zoning near the grid boundary. The DET2env models were not examined in DC98, but owing to the nature of subsonic burning, we expect it to likewise bear an exponential density distribution. For all models there exists a density fluctuation at v > 10, 000 km s −1 , which is presumably due to the burning interface between the core and the unburned envelope. Inside the interface the density profile is very smooth, and our calculations suggest that the Ni bubble is not able to extend beyond this region.
The abundance structures created in the explosion models vary according to the scenarios. In the accretion scenario, because thermonuclear runaway takes place near the center, neutron-rich isotopes like Fe, rather than 56 Ni, is synthesized in the innermost region. However, the central region void of 56 Ni takes up only 10% of the synthesized mass (e.g. model DD200c of HWK98). In the merger scenario, because the burning occurs at lower densities with little neutronization, 56 Ni is formed at the center. In the HeD scenario, there are two seperate layers of 56 Ni, because the outer He burning produces one additional layer of 56 Ni at velocities above 11,000-14,000 km s −1 , The inner layer of 56 Ni can be as little as the outer one, or it can be substantial and hence represent a normally bright SN Ia (e.g. model HeD10 of HK96). The HeD models have been advocated in view of the large population of low-mass SN progenitors, but they have been ruled out as their spectra are generally too blue to account for the observed properties of SNe Ia (Höflich et al. 1997) . For the exponential model, we note that the realistic elemental distribution in various scenarios results in an equivalent initial density contrast ω 1 for 56 Ni.
In the exponential model the gas dynamic process is not self-similar as in the powerlaw model (Chevalier et al. 1992) . To describe the evolution of a supernova remnant, we employ a set of scaling parameters R ′ , V ′ , T ′ as used in DC98 and W01:
where ρ am is the ambient ISM density and n am = ρ am /(2.34 × 10 −24 ) gm cm −3 , appropriate for an ISM with a H/He ratio of 10/1 by number. The dimensional variables r, v, t can be expressed in terms of the nondimensional quantities r
Once the nondimensional solutions are obtained, they can be re-scaled to the dimensional solutions for a different set of M, E, and ρ am . Thus, one evolutionary sequence in the nondimensional variables represents all possible dimensional solutions. Fig. 1 shows the evolution of the characteristic velocities of a supernova remnant that arises from an exponential ejecta interacting with a constant ambient medium, corresponding to Fig. 1 of WC01. As the ejecta density profile evolves to a flatter one, the reverse shock, initially moving outward in the stellar frame, begins to move inward at t ′ ≈ 2.5; it reaches the stellar center at t ′ ≈ 8. Unlike the powerlaw model, the exponential model gives rise to a distinguished deceleration rate for the remnant. However, the flow velocity near the reverse shock front does not substantially differ from that in the power model ( Fig. 12 of W05) between the age t ′ ≈ 0.1 and t ′ ≈ 2 ′ , when the clump-remnant interaction is likely to occur.
SHELL STRUCTURE AND EVOLUTION

Methods
The computational methods used in this paper are similar to those of our previous study in W05. We use the 2-D code ZEUS2D based on a finite difference scheme to carry out the hydrodynamical simulations (Stone & Norman 1992) . We assume that the ejecta is initially freely expanding (v = r/t) with an exponential density profile characterized by an explosion mass M and energy E. We primarily consider the heating effect due to the inner layer of 56 Ni residing in the core of a supernova, with a density contrast ω = 1 relative to the ambient ejecta. We track the bubble-shell interface on a spherical expanding grid, and continually add the specific radioactive energy to the thermal energy within the bubble, starting at t 0 = 100 s after the explosion. A reflecting condition is used for the inner boundary of the grid, and a non-zero gradient outflow condition is applied to the outer boundary to maintain the exponential profile and eliminate the spurious shock raised by the grid expansion. We use a radioactive power input described in Basko (1994) , which results in a weaker heating than that indicated by Firestone (1996) 
(W05).
The initial ejecta velocity at the bubble edge r = R 0 is determined by the initial 56 Ni density contrast and age:
To calculate the background thermal pressure in the ejecta substrate, we adopt an adiabat κ = 6.1×10
14 (cgs units) based on the estimation of the entropy change during the nuclear burning from C-O to 56 Ni (W05). The background thermal pressure is assumed to be distributed according to p = κρ γ , where γ = 4/3 in both the bubble interior and the ejecta substrate. The pressure in the bubble is primarily determined by the radioactive power input at later times prior to the optically-thin stage. We note that the expansion is actually limited by the diffusion of radiative energy out of the bubble, so that a full power of radioactive heating would not be achieved in the radiative case. However, the results of W05 suggest that this effect should be rather small near the optically-thin stage.
Simulations
We show in Fig. 2 and Fig. 3 the ejecta structure and the evolution of the dynamical properties of the Ni bubble shell for the case using M = 1.4 M ⊙ , E = 10 51 ergs, M N i = 0.5 M ⊙ , and ω = 1, which we refer to as the standard model. At the commencement of the simulation of t 0 = 100 s, the bubble has a radius R 0 = 5.18 × 10 10 cm, a velocity U 0 = 5.18 × 10 8 cm s −1 , and an ambient density ρ a0 = 0.92 g cm −3 at the edge of the bubble. The initial background thermal energy density is e 0 = 2.77 × 10 16 erg cm −3 in the center. By this time, a total radioactive energy of 4.85 × 10 45 ergs has been accumulated since the explosion, giving an average radioactive energy density e r0 = 6.89 × 10 19 erg cm −3 in the bubble.
The inflation of the bubble gives rise to a strong forward shock behind which the ambient gas is compressed into a dense shell (Fig. 2) . A notable feature of the structure is the declining of the ejecta substrate density. The density contrast across the shock front is 7 as for a radiation dominated (γ = 4/3) strong shock. The inner edge of the shell is a contact discontinuity (CD) comoving with the bubble-shell interface, where the gas has been shocked and cooled for the longest time and thus has the highest density. To describe the acceleration, we approximate the shock radius as a power-law function of time, R sh ∝ t a , where a is the expansion rate at the shock front; a ≡ (dR sh /dt)/(R sh /t), equivalent to the velocity contrast between the shock and the ambient freely-expanding ejecta. The expansion rate rises to a maximum a 1.05 around 10 7 s, and subsequently drops to 1.0, i.e., the shock front is first accelerated outward and then becomes frozen into the flow, comoving with the preshock gas ( Fig. 3(a) and (b) ). The shell cannot be slower than the free expansion when the heating ceases.
The shell is very thin; at 10 7 s, it attains a maximum thickness ratio β ≡ h sh /R sh 0.004, where h sh is the thickness of the shell, (Fig. 3(c) ). We note that β ≈ a − 1. The Mach number of the shock is given by
where ρ 0 and p 0 are respectively the preshock density and pressure, v sh is the shock velocity relative to the preshock gas, and c 0 is the sound speed in the preshock medium. We find M∼ 87 at 10 6 s. The expansion sustains until pressure equilibrium is reached. The compression factor in the shell (relative to the preshock gas) is χ 10 (Fig. 3(d) ), and is limited by the numerical resolution. The compression factor in the bubble interior does not decrease with time as in the uniform-density model; rather it increases to ∼ 0.9 ( Fig. 3(d) ).
The shell attains a thickness ratio β 0.002, a velocity v f ∼ 6, 000 km s −1 , and a swept-up mass M s ∼ 0.09 M ⊙ at ∼ 10 6 s, when the surface density of the shell starts to drop below the mean free path ∼ 17 − 33 g/cm 2 for the ∼ 1MeV γ-ray photons (Woosley et al. 1989 , Shigeyama & Nomoto 1990 (Fig. 3(e) ,(f),and (g)). In the case including the radiative effect, the gas is then expected to become transparent to the radiation. In this stage despite 75% of the total radioactive energy is yet to be released (Fig.1 of W05) , further deposition of radioactive energy is not to affect the dynamics of the gas, and so the subsequent evolution tends toward a free expansion.
Variation of the Initial Parameters
Here we calculate a variety of exponential models with explosion parameters similar to those described in the 1-D explosion models of HK96 and HWK98. We examine the effect of explosion parameters and other initial parameters including the initial density contrast, background pressure, and starting age of the simulation. Our parameter range comprises both superluminous and underluminous conditions (Tab. 1). For a conservative estimation, we approximate the shell's frozen-in velocity by the flow velocity of the contact discontinuity at the estimated optically-thin age t f , when the shell's surface density starts to drop below ∼ 33 g/cm 2 .
Compared to the uniform-density model (model 'flat'), the exponential model (model 'std') acquires a higher expansion rate, because the declining density distribution places the initial 56 Ni at smaller velocities and the radioactive pressure in the bubble is boosted. The density contrast and the thickness ratio of the shell also appear to increase. On the other hand, the swept-up mass and the expansion velocity are reduced; the swept-up mass drops from M s ∼ 0.12 M ⊙ to M s ∼ 0.09 M ⊙ , while the frozen-in velocity drops from v f ∼ 7, 500 km s −1 to v f ∼ 5, 800 km s −1 (Fig. 3(e) and (f)). In the case with radiative diffusion, the difference in the frozen-in velocity is probably not to exceed that in the maximum velocity, which drops from v max ∼ 8, 800 km s −1 to v max ∼ 7, 500 km s −1 .
We find that the expansion velocity increases for a smaller initial density contrast of 56 Ni, while the expansion rate and the swept-up mass decrease with it. For example, in the case of ω = 0.5, v f ∼ 9, 300, a ∼ 1.02, and M s ∼ 0.03 M ⊙ . The reduction in the expansion rate is due to the decrease of the radioactive pressure in the bubble. The small expansion rate results in a thinner shell and an early frozen-in age, and so a smaller swept-up mass. In the uniform-density model, to the contrary, reducing ω tends to increase the swept-up mass, because our calculations have assumed thermal pressure equilibrium across the bubble interface, which maintains the pressure within the bubble. This thermal effect is nontheless trivial in the exponential model, since the radioactive pressure is in well excess of the thermal pressure.
We find that the expansion velocity usually increases for a larger velocity scale height v e (i.e., less steep density distributions), and the expansion rate and the swept-up mass is often anti-correlated to the expansion velocity. For example, in the least steep model HeD10, the velocity extends to v f 13, 000 km s −1 and the swept-up mass is below M s 0.02M ⊙ , wherease in the PDD1c model, the velocity is only v f ∼ 2, 500 km s −1 (or v max ∼ 3, 500 km s −1 at maximum) and the mass reaches M s ∼ 0.16M ⊙ . Such correlations can also be seen in comparisons of several other models, although they may not apply to intermediate classes of models. For example, both the PDD3 and DET2env6 models are flatter compared to W7, but they acquire higher velocities.
Despite the exponential density decline faciliates the acceleration of the shell, the expansion rate is mostly below a ∼ 1.07, suggesting that the Ni bubble does not propagate much faster than the free expansion of the ambient ejecta substrate. The correlation between v f and v e indicates that the expansion velocity is rather susceptible to the initial velocity distribution of 56 Ni, and this is caused by to the large explosion energy-to-mass ratio and the relatively small variation in the 56 Ni abundance of SNe Ia. We note that the standard, ω = 0.5 model yields a higher expansion velocity than its uniform-density counterpart; this is owing to a higher initial velocities of 56 Ni. Fig. 3(h) plots the time evolution of the approximate power index below the contact discontinuity. It shows that the frozen-in velocity does not exceed 3 times the velocity scale heights, except for the HeD10 and low-ω models.
The swept-up mass does not seem very sensitive to the initial 56 Ni mass. For example, although the lowE1 model has almost a two-fold higher level of Ni than the lowE2 model ( Fig. 3(g) ), their swept-up masses are comparable. In general, the accumulated mass at the frozen-in age is ∼ 0.1M ⊙ .
We varied the density contrast in the PDD1c model and found that the solutions were not much affected. This is because the flatter density distribution and the low level of 56 Ni of the model incur little change in the pressures as the density contrast varies. Thus, subluminous models are less sensitive to the variation in the initial parameters, similar to the case of core-collapse supernovae (W05).
A distinctive feature in the HeD scenario is the presence of an outer layer of 56 Ni at velocities above 11,000-14,000 km s −1 (HK96). We considered an off-center heating scenario for the HeD6 model, in which case half of the outer 56 Ni is initialized in the inner grid domain bounded at 12, 000 km s −1 , while the inner grid boundary is kept moving at that constant speed. Basko's snowplow model showed that as the initial velocity rises, the ratio of the final to the initial expansion velocity drops (Equation (12) of Basko 1994) . Therefore, despite the initial bubble interface is at a high velocity of 13, 400 km s −1 , the increase in the expansion velocity is very limited. The low expansion rate of this case leads to an early onset of the optically-thin age at ∼ 10 5 s, and a relatively small frozen-in velocity that merely reaches 14, 000 km s −1 .
We have assumed a flatter background pressure distribution p ∼ ρ with a constant temperature kT ∼ 0.6 MeV produced during the nuclear burning process (W05). The central background pressure of this case is raised by ∼ 500 times (e 0 = 9.5 × 10 18 erg cm −3 in the standard model). But since the radioactive pressure is still in excess of the thermal pressure, the results remain similar. The saturated solution likewise appears unaffected by the initial age of the simulation; the solution starting with t 0 = 1000 s quickly converges to that with t 0 = 100 s.
Self-Similar Approximations
Here we examine if the solutions of the exponential model can be described by the selfsimilar solutions discussed in Chevalier (1984) and Jun (1998) , who considered a pulsar wind with a time-varying luminosity L ∝ t −l interacting a power-law supernova ejecta with a density power index n. The self-similar expansion law is r ∝ t ass , where a ss = (6 − n − l)/(5 − n) is the self-similar expansion rate, i.e., the expansion speeds up for a steeper density gradient. The self-similarity only exists for a ss 1, i.e. l 1, since the shock cannot be slowed down in the ejecta more than the free expansion, and for n 3, since the mass must be finite. Given the adiabatic index, the self-similar solutions are determined by two parameters : the expansion rate a ss and the power index n of the ejecta. In our exponential case, because the density evolves toward a flatter power law model with time, we evaluate n at the radius of the contact discontinuity ( Fig. 3(h) ). In the standard model, n = 2.4 at 10 6 s.
In the self-similar regime, the shock accelerates (a > 1) toward the self-similar expansion law and the thickness of the shocked layer rises. If the expansion is powered by a constant luminosity l = 0, then for n = 2.4, a ss = 1.38. Our simulations show that the thickness ratio reaches a maximum at 5 × 10 6 s; this is correlated to the increase in the accumulated radioactive energy at 5 × 10 6 s (see Fig. 4 and 9 of W05). The turnover after 10 7 s is because that l > 1 ( l is estimated by the time derivative of the accumulated radioactive energy, l ∼ −dlnq(t)/dlnt, where q(t) is given in W05), when the self-similarity breaks down. The turnover is not related to the mass of 56 Ni or the density gradient of the ejecta. The decrease in the shell thickness during the earliest evolution is an effect of negligible medium motion owing to a sudden acceleration (Jun 1998) , which can be regarded as a numerical artifact depending on the starting age of the simulation.
Compared to the self-similar solutions with a constant power index n = 2.4, the actual expansion is slower but approaches the self-similar law over time. At 10 6 s, l ∼ 0.8, a ss = 1.07, and a = 1.04, while at 2 × 10 6 s, l = 0.896, a ss = 1.0406, and a = 1.0444. In spite of the deviation, the solutions can still be approximated by the self-similar solution, as illustrated in Fig. 4 . The self-similar density is infinite at the CD. The coarseness of the grid obviously sets limits on the highest density computed in the grid domain.
We integrated the self-similar equations over the expansion rate and the power index, and in Fig. 5 we plot the average values of the thickness ratio and the density contrast. Both these two quantities increase with the density gradient. The thickness ratio ranges between β ∼ 0.0055 and ∼ 0.006 for a ss 1.06. The average density contrast in the case of n = 2.4 (the standard model) is ∼ 60, and is only weakly dependent on the expansion rate between 1.02 and 1.08. Compared to the uniform medium case, the average density contrast may be enhanced by a factor of ∼ 50%. Fig. 5 shows that the shell is thicker in the hydrodynamical simulations, this is due to the steeper density gradient of the ejecta at earlier time, and so the actual average density contrast may be higher. The maximum density contrast in Fig. 5 occurs when the shell acquires a maximum thickness ratio. For instance, in the case of n = 0, the density contrast turnovers at a = 1.02, which corresponds to a self-similar thickness ratio β ∼ 0.02 allowed for the case of n = 0 (W05). We note that the computed self-similar density contrast is also resolution-limited, since it depends on the number of steps used in integrating the self-similar equations.
NICKEL BUBBLE SHELL AS EJECTA CLUMPS
We now examine whether the ejecta clumps originating in the Ni bubble shell are capable of initiating a clump-remnant interaction in time and further surviving the crushing in the remnant like Tycho's knots, varying the explosion conditions and the ambient density of the remnant (Tab. 1). As a shock moves past a cloud, the incident shock creates a transmitted 'cloud shock' that moves into the cloud and crushes it. When the cloud shock exits the cloud, a rarefaction wave moves back into the cloud and causes lateral expansion. The combined instabilities lead to the destruction of the cloud on a timecale of several times of the cloudcrushing time, t cc = r c χ 1/2 /v 0 , where r c is the cloud size and v 0 is the initial shock velocity (Klein et al. 1994 ). In the case of a clump-remnant interaction, the robustness of the clump can be described by three parameters: (1) the initial density contrast χ of the clump relative to the surrounding ejecta; (2) the time t RS of the initial reverse shock impact; this is related to the ejection speed of the clump (i.e. the frozen-in velocity of the Ni bubble shell) as well as the dynamic age of the remnant; and (3) the initial size of the clump. Although we have neglected the effect of radiative diffusion leading to a weaker shock and a less compression of the shell, W05 showed that the solutions in the adiabatic case (e.g. the shock velocity) do not substantially diverge from that in the radiative case near the optically-thin stage. In fact, since we mainly consider an initial density contrast ω = 1 for 56 Ni, while a realistic elemental distribution yields a heating effect as with ω 1, a higher velocity may be achieved. Thus, we expect our results at least not to be substantially overestimated.
Because the exponential model gives rise to a distinguished deceleration rate, the ranges of the explosion mass and energy and the surrounding ISM density can be inferred from the observed deceleration parameter of the remnant. In a denser ISM the remnant undergoes larger decelaration and so is at later evolutionary stage. In the case of Tycho's SN, DC98 concluded that if it arises from a Chandrasekhar-mass, E 51 = 1 explosion, then an ambient density in the range of n am = 0.6 cm −3 and 1.1 cm −3 appears to fit a few criteria for the observed deceleration, which lies near δ ∼ 0.5 (DC98 and references therein ; Hughes 2000) . This range of ambient density places the dimensionless age between t ′ ∼ 1.39 (for n am = 0.5 cm −3 ) and ∼ 1.75 (for n am = 1.0 cm −3 ) for the standard model. The ambient density could have been underestimated, considering there are clumps in the intershock region undergoing little deceleration.
The standard exponential model is successful in reproducing the observed shock position and deceleration of Tycho's remnant. In the case of n am = 1 cm −3 , the reverse shock and the forward shock are at radii of 2.08 pc (r ′ = 0.98) and 3.09 pc (r ′ = 1.45), while they decelerate with decelaration parameters of δ = 0.15 and δ = 0.47, respectively (WC01). Recent X-ray observations (Warren et al. 2005) suggested that the contact discontinuity extends to a larger radius than indicated by the exponential model, owing to the cosmic ray acceleration by the forward shock. However, such modification on the intershock structure should have little influence on the dynamics of dense clumps. Compared to the uniform model whose clump-remnant interaction is initiated at t ′ RS ∼ 0.9, in the standard model the reverse shock impact is deferred to t ′ RS ∼ 1.3, or ∼ 330 yrs (see Fig. 1 in WC01 and Fig. 1 ). The initiation is sufficiently early compared to Tycho's present state, but the predicted clump speed is lower than that revealed by Tycho's knots.
The typical size of the clumps is expected to be comparable to the thickness of the shell. Assuming a thickness ratio β = 0.004, at the time of the reverse shock impact t ′ RS = 1.34, the size of the clump in fraction of the intershock shock radius is a 0 ∼ 1%, or r 0 ∼ 0.3% in fraction of the forward shock radius (Fig. 6) . If the lateral expansion of the clump is neglected, then the uniform expansion (in which the density drops as ∼ t −3 and the size increasing as ∼ t) results in a clump size equivalent to the thickness ratio of the shell at the time of the forward shock impact.
Our self-similar solutions indicate an increase in the average density contrast up to ∼ 50% compared to the uniform model. The clump is expected to be destroyed after several times of the cloud-crushing time (WC02, equation). For χ ∼ 100 and β = 0.004, we find t cc 10 yrs. However, this time scale may be understated, because the most robust clumps are likely to arise from the densest regions of the Ni bubble shell, and t cc ∝ r −1/2 c for a fixed mass. Further, the higher expansion rate of the exponential model suggests stronger Rayleigh-Taylor mixing at the bubble-shell interface, which may facilitate the formation of dense clumps. Moreover, in the higher-resolved 2-D simulations, clump fragments are seen to continually create protuberances on the old receding bulge of the remnant, while in low resolution the bulge on the forward shock subsides rather smoothly (Fig. 5 of WC02 ). This indicates that the dynamic effect of small but dense clumps are not trivial. Hwang, Hughes, & Petre (1998) have estimated a mass of 0.002 M ⊙ for the Si+S knot and a mass of 0.0004 M ⊙ for the Fe knot protruding from Tycho's SE edge. The mass ratio of the Si+S knot to the total swept-up mass M s ∼ 0.1 M ⊙ is 50. This ratio may be suggestive of the instability mode of the Ni bubble shell. Dietrich Baade (2006, private comminication) has used spectro-polarimetry to probe the spatial strucutre of SNe Ia. He found that the observed polartization in the Si II 635.5 line is common among SNe Ia, and in order to produce the observed effect, there must be 10 clumps or bubbles in the ejecta, and the number must not be large. Although simulations for Type Ia SN explosion also suggest asymmetric mass distribution, the asymmetry is about the same from all directions (Reinecke et al. 2002; Schmidt & Niemeyer 2005) . Therefore, the observed polarization may be evidence for the Ni bubble mixing.
Our models generally result in an ejection speed lower than anticipated for Tycho's knots. However, for most of the cases with n am = 1 cm −3 , the reverse shock impact of the clump is expected before the present stage of Tycho's remnant. In Particular, the DD200c and W7 models have the most favorable condition. The excessive velocity rendered in the HeD10 model causes an early reverse shock impact, and so the clump-remnant interaction is not likely to sustain to Tycho's present age of this model. As the ambient density drops, the initial age for the clump-remnant interaction starts to fall behind. If n am is reduced to 0.1 g cm −3 , then the time scaling parameter is raised by a factor of 2.15; this put the reverse shock impact time at no later than 2000 yrs after the supernova for all possible explosion conditions.
The speed of the clump may be significantly enhanced if the 56 Ni is initially at higher velocities or at a lower density contrast. However, in the low-ω case, since both the size and the density contrast of the clump are reduced, the clump robustness to resist crushing is weakend. For example, in the standard case with ω = 0.5, the shell thickness ratio drops by a factor of 5. Taking into account the density contrast drop indicated by the self-similar solutions and the relative velocity between the reverse shock and the clump, the cloud-crushing time may be reduced by a factor 10. Van den Bergh (1993) have found a good agreement between the light curves of Tycho's SN and SN 1991bg. Supernova surveys have suggested that 16% of SNe Ia are SN 1991bg-like objects (Li et al 2001) , while SN 1991bg was probably intrinsically subluminous (Filippenko et al. 1992; Leibyundgut et al. 1993) , whose explosion energy is suggested to be a factor of 3-5 lower than that of typical Type Ia's (Turatto et al. 1996) . Mazzali et al. (1997) 50 . We find that in the case of a normal abundance with M N i = 0.49 and ω = 0.5, the frozen-in velocity extends to v f ∼ 7, 800 km s −1 ; while in the low abundance case with M N i = 0.25 and ω = 0.5, v f 5, 000 km s −1 . Thus, subluminous, low-energy models are not favorable for Tycho's knots.
For SN 1006, DC98 suggested that the best models to match the observed shock properties (with the deceleration parameter having a value of ∼ 0.5 and the distance being ∼ 1.95kpc) is that the shock wave is expanding in a medium of varying density around n am = 0.047 ± 0.019 cm −3 for an explosion energy of E 51 = 1, and n am = 0.07 ± 0.03 cm −3 if the energy were 1.3 times higher. Assuming M ni = 0.16, we find that these two cases do not result in the high velocity range of 5, 600 − 7, 000 km s −1 found by Hamilton et al. (1997) . Blondin et al. (2001) have studied the dynamics of the interaction of numerous small Fe bubbles with a SNR. Their simulations showed that, with a density contrast of χ ∼ 1/100 between the bubbles and the ambient ejecta, the interaction gives rise to a vigorous turbulence, which eventually leads to destruction of the stratified structure. In contrast, our simulations show that due to the exponential density decline, the density contrast of the bubble continually rises to χ 1. Thus, the mixing depicted in Blondin et al. is not likely to occur in Type Ia SNRs.
A good example of the Ni bubble effect is the supernova remnant N103B. Lewis et al. (2003) found that the Si and S emissions of the remnant have a ionization time scale (n e t) ∼ 100 times higher than the interior, hot Fe, while its abundance composition is surprisingly stratified. The clump-remnant interaction should have already started in N103B, given an age of ∼ 1000 -2000 yrs . The high ionization time ratio between Si and Fe indicates a high density ratio of ∼ 100 between Si and Fe; this is in agreement with the expected density contrast across the Ni bubble shell. The simple, stratified strucutre of the remnant is further in accord with the features of the small clump size and the flat density contrast of the bubble obtained from the exponential model, in which mixing is likely to suppressed.
SUMMARY AND CONCLUSIONS
We have investigated the structure and expansion properties of the Ni bubble shell in SNe Ia due to the radioactive heating from the 56 Ni → 56 Co → 56 Fe decay sequence, using an exponentially-declining density distribution for the ejecta. We considered that ejecta clumps originate as components from the breakup of the Ni bubble shell, and we examined whether the inferred clumps (shell fragments) have a compatible ejection strength as indicated for Tycho's knots. The weakening effect of radiative diffusion to the expansion is neglected. We used the adiabatic solution at the approximate optically-thin age of ∼ 10 6 s to estimate the properties of the ejecta clumps. We expect our results not to be substantially overestimated with the inclusion of a realistic elemental distribution and the radiative effect.
The expansion of the Ni bubble sweeps up a dense shell of ∼ 0.1 M ⊙ shocked ambient ejecta in a typical Type Ia SNR. The shell has an inward density increase toward the bubbleshell interface, with the highest density computed being limited by numerical resolution. Since the exponentially profile can be approximated as a power-law profile that effectively evolves from a steep power law to a flatter one, the structure of the shell can be described by a self-similar solution determined by the power index of the ejecta density and the expansion rate of the shock. With an expansion rate around a = 1.04 and a power law density index between n = 2 and 3, the average density contrast may exceed χ > 60, while the size of the clump is typically 1% of the foward shock radius. Compared to the uniform-density model, the average density contrast may be enhanced by 50%.
We explored a variety of exponential models with initial explosion parameters similar to those used for the 1-D Type Ia explosion models. Compared to the uniform-density model, the expansion velocity and the swept-up mass of the Ni bubble shell are reduced, while the radioactive pressure in the bubble increases, resulting in a solution less sensitive to the variation of the background pressure. The frozen-in velocity of the shell is influenced by the motion of the ejecta substrate. Thus steep models tend to result in a lower expansion velocity and a more swept-up mass for the Ni bubble shell. Although an initially lower density contrast gives a higher expansion velocity, the clump robustness to resist crushing in the clump-remnant interaction is nonetheless weakened.
The clump -reveres shock impact time is estimated for a variety of explosion conditions. In the case of an ISM density close to 1 cm −3 , the initiation for the clump-remnant interaction takes place between ∼ 300 and ∼ 800 yrs after the supernova. The standard case (M ch = 1.4, E 51 = 1, and M N i = 0.49) with n am = 1 cm −3 gives rise to a timely clumpremnant interaction, but the ejection speed is insufficient to account for Tycho's knots. The deflagration model W7 and the delay detonation model DD200 have compatible ejection velocities, and they seem to be the most favorable models considering variation in the ambient ISM density. The clump-remnant impact can be prompted by a low initial Ni density contrast ω < 1. However, the predicted impact time in Chandrasekhar-mass, and low-energy models is generally too late, even with a normal 56 Ni abundance.
The interaction of the clumps and bubbles with the remnant is not likely to give rise to vigorous mixing, given the small size a 0 1% of the clumps and the flat density contrast χ 1 between the bubble and the ejecta substrate. The observed abundance structure of the SNR N103B is in accord with the expected features of the exponential model. Fig. 1. -Evolution of the characteristic velocities of a supernova remnant that arises from an exponential ejecta interacting with a uniform ambient medium as described in DC98 and WC01. Dotted line: Flow velocity of the ejecta immediately below the reverse shock (RS). Solid lines: Pattern velocities and deceleration parameters δ = dlnr/dlnt (inset) of the forward shock (FS), the contact discontinuity (CD), and the reverse shock. Fig. 2. -Distributions of density, velocity, and gas energy density of the Ni bubble in the standard exponential model at 10 6 s and 2 × 10 6 s, respectively. The grid has 16000 uniform zones and the shell is resolved into ∼ 100 zones. -Self-similar solutions of the thickness ratio and the average density contrast of the Ni bubble shell with varying expansion rates. The lines from top to bottom represent the cases of n = 3, n = 2.4, n = 2, and n = 0, respectively. The integrations of the self-similar solutions employ 9000 steps between the shock front and the contact discontinuity. 
